In the spark-ignition engine development and optimization process, the cyclic variability of combustion is an essential and current issue. Cycle-to-cycle variations are extensively investigated by means of quasi-dimensional (zero-dimensional/ one-dimensional) simulation modeling. To date, these model approaches have been limited either because they neglected particularly significant physical causes and factors influencing cyclic combustion variations or because of their solely empirical combustion modeling basis. However, in order to ensure the high validity of simulation results, quasidimensional model approaches have to accurately describe the physical background of engine combustion. Therefore, a new cyclic combustion variation model is introduced in this study. This cycle-to-cycle variation model is based on previously developed, highly sophisticated physical turbulence, ignition and combustion models, thus for the first time enabling the physical description of cycle-to-cycle variation. The model integrates the most significant physical causes of combustion variations and the factors which influence them, obtained from a literature study. Hence, the derived cycle-to-cycle variation model can physically react to changes in engine parameters such as the engine speed, load, spark timing, valve lift and timing as well as the air-fuel equivalence ratio l. For validation, the new cycle-to-cycle variation model is compared to a state-of-the-art cycle-to-cycle variation model and analyzed by means of engines with different combustion processes. This new cycle-to-cycle variation model uniquely features the physical background of the underlying combustion model and the integration of more influencing factors than in previous approaches. Another unique feature is its basis on extensive experimental data, gained by changing various engine parameters for homogeneous charge sparkignition engines with different combustion/engine concepts. These include engines with high turbulence generation or a long expansion stroke via crank and valve train.
Introduction
Despite an increasing demand for the electrification of passenger cars, spark-ignition (SI) engines are still the predominant means of propulsion today. However, tightened fuel efficiency and pollutant emission requirements globally entail an advanced complexity of SI engine technologies and might even boost unconventional combustion processes. To this end, quasidimensional (zero-dimensional (0D)/one-dimensional (1D)) simulation tools can support the engine development process with simplified, fast-calculating simulations. As in-cylinder phenomena such as charge motion and combustion, in particular, are intensely complex, simulation models need to resolve interrelations of these phenomena on a highly resolved physical basis.
Cyclic variations of combustion are characteristic of SI engines and known to be caused by several different phenomena that occur in the combustion chamber. For a given operating point, engine parameters such as spark timing are optimized regarding the mean cycle. However, observing individual cycles, some are subject to a fast combustion process, while others exhibit a slow burn rate. In neither case, the whole efficiency potential is used. In addition, power output is decreased, engine smoothness and drivability worsened and the risk of unburned hydrocarbon emissions increased. 1, 2 In the engine development process, the extreme cycles furthest from the mean cycle determine the applied engine parameters. Therefore, the charge dilution limit, defined by very high air-fuel ratios and high exhaust gas ratio (EGR) rates, is determined by the slowest burning cycles. In contrast, the fastest burning cycles determine advanced spark timing and the maximum possible compression ratio, both limited by the risk of knock.
Although cyclic variations have been the focus of research for several decades, 3, 4 the contribution of individual physical causes is not fully understood or quantified even today. Cycle-to-cycle variation (CCV) can be investigated via experimental analysis through indicated cylinder pressure, particle image velocimetry (PIV) 5 or planar laser-induced fluorescence (PLIF) 6 measurements. In the latter case, the OH radical was used for the combustion studies (OH-PLIF). The detailed incylinder flow field can be resolved with PIV and the chemical reaction of the combustion process with laserinduced fluorescence (LIF) measurements. However, these experiments are time-consuming and expensive. In recent years, three-dimensional (3D) computational fluid dynamics (CFD) large eddy simulations (LESs), which resolve most of the in-cylinder turbulent flow structure and charge mixing field, have been utilized. 7, 8 Although LES can provide a detailed insight into the underlying physics, these simulations are usually only used for very few specific operating points. The demand in terms of computing resources and wall clock time is severe, since multiple consecutive cycles have to be calculated for a single operating point. However, the industrial engine development process does not only consider a few specific operating points. Instead, the focus of gas exchange and combustion process design is on optimizing the entire engine map, thus several engine parameters are varied in large design of experiments (DOE). In this respect, quasi-dimensional simulation tools are the industrial standard.
The aim of this study is to propose a new cyclic combustion variation model which physically predicts CCVs on changing engine parameters such as speed, load, spark timing, valve lift and timing as well as the air-fuel equivalence ratio l. Furthermore, this new model should be applicable to conventional and unconventional combustion processes, for example, engines with a long expansion stroke via valve or crank train. The new CCV model should be able to be employed for the simulative engine application in order to reduce test bench experimental series. In addition, this approach should be able to estimate engine roughness at an early stage of development where an actual test engine is not available yet.
In the first section, the significant physical causes of cyclic combustion variations and the factors influencing them are identified from a literature research with a view to designing a new CCV model. The next section presents state-of-the-art CCV modeling approaches. The subsequent section describes the physical basis, that is, sophisticated turbulence, ignition and combustion models which have previously been developed. Then, the investigated engine combustion processes are briefly presented. Section ''Model design, calibration and validation'' outlines the integration of the physical causes in the new CCV model. The calibration process is then displayed, and finally, the simulation model is validated with experimental findings on the investigated engines. It must be noted that the previously developed turbulence, ignition and combustion models are programmed in FORTRAN, as is this new CCV model.
Physical background of CCV
In the past decades, the physical background of CCV has been extensively investigated in many studies. 3, 9, 10 Physical causes are persistently present in fired and motored engine operation and are outlined at first. The second part of this section discusses the influencing factors which alter the magnitude of the physical causes and can be affected by changing engine parameters.
Physical causes of CCV
Cyclic combustion variations can be described by the fluctuations of the cylinder pressure curves and the derived coefficient of variation (COV) of the indicated mean effective pressure (IMEP). These CCVs can be related to external factors (outside of the cylinder) and in-cylinder factors. External factors depend mainly on gas exchange processes such as the cyclic fluctuations of the inducted air, the injected fuel and the amount of residual exhaust gas. Among other things, the fluid flow, the formation of the fuel spray, the charge mixture and the initial flame kernel as well as the flamewall quenching can be related to in-cylinder processes. The quantification of the individual contributors to these complex processes throughout the combustion process is difficult to classify and may even be different for specific SI engines. However, the interactions of individual processes in a cause-and-effect chain are far better established.
11 Figure 1 illustrates the cause-andeffect chain. Engine combustion is influenced by a significant number of successive and parallel processes. The cause-and-effect chain illustrates the consecutive processes on the left and the resulting CCV observations on the right. Starting with the gas exchange process, the intake flow determines the cyclic cylinder charge as well as its global in-cylinder motions tumble and swirl. The separation of the flow at the machined edges in the intake port and the inlet valve face, as well as the flow direction change on the surface of the piston, have been identified as a major cause of CCV. 12 Several authors 13, 14 indicate that the intake flow jet and piston deflection significantly affect the formation of the large-scale rotating vortex from cycle to cycle. Hasse et al. 12 report cyclic fluctuations of the center and the magnitude of the large-scale flow field observed with LES and during motored engine operation. These results are confirmed by Enaux et al. 5 both with PIV measurements and LES. Furthermore, their investigations indicate that although the absolute large-scale flow fluctuations are maximized during the intake process, the highest relative fluctuations are observed in the compression stroke. Vermorel et al. 8 showed by means of LES that shortly after the intake valves close, the tumble intensity substantially varies cyclically with a direct effect on large-scale flow fluctuations. The authors also observed tumble breakdown variations from cycle to cycle which indirectly affect small-scale fluctuations. Local flow fluctuations in the vicinity of the spark plug can be directly traced back to this breakdown process. These flow fluctuations are of essential interest regarding ignition timing. Another study, by Richard et al., 7 compared the global flow structure to the local flow field near the spark plug, also by means of LES. This study reports that for the investigated combustion chamber configuration, the local flow is nearly independent of the global flow field. Instead, it is influenced by the existence of the spark plug and the surrounding head surface as a source of disturbance. This means that global flow structure fluctuations, analyzed by the variations of the integral length scale and tumble flow, show major differences in comparison to the fluctuations of the spark plug flow velocities. These phenomena will be considered in the new model.
In the next step after the intake flow, the fuel spray, in particular if injected directly into the combustion chamber, strongly interacts with and affects the local flow structure and its fluctuations, 15 investigated by means of PIV. The fuel distribution and mixture formation heavily depend on the in-cylinder velocity flow field and thus also determine the fuel distribution globally in the combustion chamber and locally at the spark plug. Lee and Foster 16 investigated the influences of homogeneous and inhomogeneous air-fuel mixtures in the vicinity of the spark plug. Rayleigh scattering measurements were conducted by means of a fiber-optic spark plug to analyze the early flame development. A third optical measurement method is tracer-PLIF, used for example, for the simultaneous measurement of local equivalence ratio and temperature variations in stratified direct-injected engines. 17 In addition, high-speed PLIF and PIV were used for the analysis of cyclic misfires in SI engines. 18 Further investigations in the area of high-speed PLIF and PIV can be found in the literature. [19] [20] [21] [22] [23] [24] For stoichiometric engine operation, mixture fluctuations are only of minor importance to cyclic combustion variations. However, during lean engine operation, mixture fluctuations can be considered a significant contributor to CCV, which also has to be taken into account in the CCV model development process.
Following the mixture formation under normal conditions, a gasoline combustion process is induced by spark ignition. The initial flame kernel development depends on the local air-fuel ratio and residual gas rate as well as the respective homogenization. Furthermore, the local flow structure in the vicinity of the spark plug is a main contributor to the flame kernel formation conditions. As outlined in the paragraph above, the local flow is subject to significant fluctuations. Bates 25 extensively analyzed the initial flame development in an SI engine operated with a slightly lean air-fuel ratio by means of two imageintensified charge coupled device (CCD) video cameras. The study shows that the initial flame kernel is influenced by the strong flow fluctuations in the vicinity of the spark plug, resulting in a variation of the kernel's size, shape and location from cycle to cycle. A steeper burn rate gradient can be correlated with a larger initial flame kernel. As the flame kernel shape is self-similar throughout individual cycles, the flame shape in the main combustion phase persists, thus also determining cyclic flame-wall interferences. Two studies 26, 27 investigate the effect of cyclic variations in the initial flame kernel location. The initial kernel's location significantly determines the heat loss to the electrodes and the distortion by the spark plug from cycle to cycle. It is reported that the heat losses can be the dominant CCV triggering factor, in particular at the charge dilution limit. If the heat loss surpasses the initial energy release and the flame is blown out, the engine may even misfire. Thus, in the new CCV model, variations in the size and location of the initial flame kernel have to be considered.
The last step is characterized by the turbulent flame propagation and flame burnout at the combustion chamber walls. This phase is affected by variations in the center of combustion (MFB50%), in-cylinder peak pressure and finally pollutant formation. However, these fluctuating effects occur as subsequent causes of the phenomena described above. Fluctuations in the flame-wall quenching 28 entail variations in total hydrocarbon (THC) emissions. 29, 30 High cyclic flame-wall distance fluctuations may significantly increase THC emissions and thus lead to an incomplete combustion, again increasing CCV.
Factors influencing CCV
It is well established that CCVs can be influenced by numerous measures 10 and that a reduction in the level of CCV can be achieved by generally accelerating the combustion process. 31 In the following, the influencing factors which are relevant to the investigated combustion processes and to the new model development will be outlined.
The in-cylinder flow field can be influenced by the type of intake manifold. Unlike common charging (power) intake ports, tumble intake ports increase the global flow velocities and thus the turbulence intensity 32 while simultaneously reducing CCV. In addition, the global and local flow velocities are influenced by engine speed, which was investigated by Herden. 27 Raising the engine speed increases the turbulence intensity and the eccentricity of the initial flame kernel locally, in the vicinity of the spark plug. Initially, the raised speed has a positive effect. The heat losses from the flame kernel to the spark plug are minimized since the flame kernel is deflected but still established in a single kernel. Further increasing the engine speed produces higher local flow velocities, thus tearing the initial flame kernel away from the spark plug. This boosts the risk of reignition and the formation of several flame kernels, which might result in higher CCV. The fact has to be taken into account that spark plug orientation has a crucial effect on flame kernel formation. The orientation determines whether or not the initial flame kernel is protected in particular by the ground electrode from the local flow. 33 If protected, the flame kernel can be formed more consistently from one engine cycle to another, reducing the risk of blow outs.
Ignition timing is a standard way to influence cyclic combustion variations via the thermodynamic state (cylinder pressure and temperature). A change in the ignition timing and thus MFB50% directly correlates with the indicated power output and indicated efficiency. Small changes in timing around the MFB50% optimum of around 6-10°crank angle (CA) have only minor effects on the efficiency. However, if MFB50% is far from its optimum, the same changes in timing have much higher effects on the efficiency 34 and, therefore, also induce higher CCV. Further influencing factors regarding the thermodynamic state are the engine load and the engine compression ratio. As long as engine knock does not occur, higher engine loads and geometric compression ratios enhance combustion rates due to elevated cylinder pressures. 35 Another measure to influence CCV is to homogenize the air-fuel and residual gas mixture, which can be achieved by increasing the level of in-cylinder turbulence globally and locally. Local flow structures at the spark plug vicinity, in particular, can be stabilized with a tumble flow and are especially essential for direct injection (DI) gasoline engines. 30 The level of charge dilution itself, obtained by either lean air-fuel mixtures or high residual gas rates, also has an influence on CCV. 1 
Previous CCV modeling approaches
Recently, a semi-empirical CCV model was developed by Wenig and colleagues. 36, 37 An implementation is available in the commercial 0D/1D gas exchange and combustion process simulation tool GT-Power. 38 The general idea of this model is imposing stochastic fluctuations on two variables, the maximum laminar speed and laminar speed roll-off value, within the formulation of the laminar flame speed, 1 as well as imposing stochastic fluctuations on the flame kernel growth. Furthermore, an empirical parametrization is integrated in this model regarding the influences of the engine speed, in-cylinder unburned gas temperature and combustion duration for an enhanced quantitative description of CCV. Another more physically based approach 7 first explicitly extracts LES data on the variation of the tumble motion, the integral length scale and the flow velocity in the vicinity of the spark plug from 32 consecutive cycles for a specific motored engine operation. Then, this information is transferred into the quasi-dimensional simulation environment and applied to a fired engine simulation with similar engine parameters (speed and load) to those in the LES. The model developed is able to differentiate the resulting CCV from low and high charge dilution as well as from different ignition timings.
However, these models are limited either to their empirical approach of the underlying combustion model or because they include only a few causes of CCV. This is where the new CCV modeling approach will differ. The first starting point is that the new CCV model is based on a sophisticated base model including the predictive description of turbulence, ignition and combustion for the quasi-dimensional simulation of the mean cycle. This model will be briefly outlined in the next section. In this model, it must be possible for each quasi-dimensional model part to be calibrated individually. For example, the intake flow of the first step in the cause-and-effect chain, described by the turbulence model, should be calibrated with the results of 3D CFD data, if available. Now, when designing a new cyclic combustion variation model, the corresponding physical background of CCV including all relevant causes and influencing factors has to be considered. This will be the second starting point, since previous modeling approaches have considered only a few causes of CCV. For different combustion processes and various possible engine operating parameters, the particular dependence of CCV must be included, for example, the model needs to reflect the impact of varying turbulent levels of different SI engine types.
Simulation methodology
Predictive turbulence, ignition and combustion models are taken as the basis for the new CCV model and are described in the following. By means of 3D CFD simulations, Grasreiner et al. 39 developed a new physical quasi-dimensional in-cylinder turbulence model that describes the formation and decay of global charge motion (tumble and swirl) in detail. The generation of turbulent kinetic energy (TKE) from the intake valve flow is considered in the description of the turbulence production term. Shearing effects from open and closed intake valves are taken into account as well. The dissipation of TKE is determined using the in-cylinder volume change and formation and decay of the integral length scale. This model needs to be calibrated with CFD data each time it is applied to an engine with different intake ports and head or piston surface characteristics. 39 This model can, for example, predict changes in engine parameters such as valve lift, valve timing and boost pressure.
The model for ignition and combustion development up to MFB5% is described in detail in the dissertation by Grasreiner. 40 After ignition, the laminar flame speed, tabulated as a function of the time-dependent thermochemical state, and the transition to turbulent combustion are calculated. Turbulent parameters are obtained from the model described above. The ignition model considers initial flame kernel formation in terms of size and eccentricity, early flame-wall interactions as well as flame expansion due to density differences between the burned zone and the unburned zone. Again, this model enables the description of changes in engine parameters such as ignition timing.
The full turbulent combustion propagation after MFB5% is modeled using the entrainment approach. 41, 42 The flame surface is calculated regarding flame expansion and quenching according to the ignition model. The entrainment combustion model is defined by dividing the combustion chamber into three zones. The unburned zone contains the homogeneous fresh air-fuel mixture and residual gas, while the burned zone consists of the complete combustion products. The zone in between is specified as the entrained zone, which includes the burned zone and the entrained but not burned charge. The combustion rate is determined by the difference in entrained and burned mass per time step and a characteristic burning time. Both the ignition and the combustion model have to be calibrated with measurement data once for any specific engine.
Research engine details
Two different SI engines with different underlying combustion processes are used for this investigation. The engines differ in terms of intake manifold type, gas exchange components and strategy as well as injection type. Table 1 shows these details.
It is obvious that the conditions in the combustion chamber are significantly different in both engines. On the one hand, the Miller engine displays a relative low turbulence intensity due to its power intake port and early intake valve closing, though this might interact with its very high piston stroke-to-cylinder bore ratio. On the other hand, the conventional engine stands out for its intake port, which generates a very high level of turbulence, and its gas exchange system strategy. Obviously, these differences require the quasidimensional turbulence model to be calibrated for both engines. The in-cylinder charge can be supposed to be homogeneous in both engines. This is either due to the port fuel injection and low residual gas rates in the Miller engine or due to its very high turbulence intensity producing strategy as well as advanced high-precision DI system in the conventional engine, in order to achieve a high charge mixing quality.
In addition, it has to be noted that the measurements have to be evaluated not only regarding the mean engine cycle but also concerning the individual cycles, in order to calculate the statistic of the cyclic combustion variations. In particular, this affects the cylinder pressure measurements and the subsequent combustion process analysis.
Model design, calibration and validation

Model design
In the new quasi-dimensional CCV model approach, the implemented physical causes from section ''Physical background of CCV'' are as illustrated in Table 2 . The left column shows the specific physical cause, while the right column displays the implementation and impact on the particular physical value. Global flow fluctuations are described by the cyclic variations of the TKE production term to capture the intake flow and shear effects. Fluctuating turbulent dissipation is determined by varying the turbulent integral length scale. Local processes such as the convection and local flow velocity in the spark plug vicinity dictate the size and the eccentricity of the initial flame kernel, respectively. Flame-wall interactions are considered by means of the flame quenching distance.
These physical values are determined or evaluated in the predictive turbulence, ignition and combustion models and are used in the new model in order to simulate cyclic combustion variations. However, as the models are only able to simulate the engine mean cycle, a stochastic model has to be developed. The objective of this stochastic model is to generate fluctuations within physical limits individually for each particular physical value in every engine cycle. Such an approach is feasible in the general framework of 0D/1D modeling, and similar strategies have been used in several studies. 7, 36, 43 The stochastic model first determines a probability density function (PDF) according to the following formulas. The particular physical values are substituted in the description by the subscript i where s number is fixed to 2s, thus accounting for 95.45% of the values under the PDF, still with enough emphasis on the boundary area of the PDF, equalizing
The physical limits of the five implemented causes are either extracted from the literature or specified according to the calibration procedure described below in this section. For the next steps, to exemplify the case better, x physical limit is given for the initial flame kernel size. In the mean cycle, the initial flame kernel size is determined to be m = 1 mm with a standard deviation s flame kernel size of 0.15 mm, thus applied yielding The resulting PDF for this example is illustrated in Figure 2 .
In the next step, the stochastic model calls a FORTRAN function to extract a random number between 0 and 1, which is to be multiplied with the PDF in each engine cycle. However, since the PDF is characterized by one maximum and two minima, no unique allocation is possible. Therefore, with an intermediate step, the PDF is discretized in n = 121 steps, first determining the increment x D, flame kernel size between 6x limit, flame kernel size as regarding the PDF(x i ) it yields
Then, every discretized PDF(x i ) is summed up as sum PDF(x i ), illustrated in Figure 3 and formulated as follows sum PDF x i ð Þ= X x limit
Now, the stochastic model is able to call the FORTRAN function ''random number'' and multiplies it with the sum of the PDF. In this example, sumPDF is summed up to a value of 192. Thus, a random number of 0 equals a minimum flame kernel size of 0.7 mm and a random number of 1 determines the flame kernel size to be 1.3 mm. This procedure is performed periodically for each physical cause in every engine cycle when the CCV model is active.
A sensitivity analysis regarding the five implemented physical causes for both investigated combustion processes has been performed as the first step. To calculate each PDF of the five causes, in each case, the mean cycle value is set at unity, while the physical limit is varied between 0.2 and 0.7. Then, the stochastic fluctuation is imposed individually on each physical cause. Figure 4 compares the conventional engine to the Miller engine at a similar operating point of 3000 r/min, wide open throttle (WOT), stoichiometric air-fuel equivalence ratio l and MFB50% of 8°CA. Cyclic variability is displayed by the COV IMEP . At first sight, the Miller engine shows very significant sensitivity to the integral length scale, whereas the other four parameters are at a similar level. As already mentioned, this combustion process is characterized by a low turbulence intensity level which is reflected in the high impact of turbulence dissipation. This finding conforms with the conclusion 32 from the literature research. The sensitivity of the conventional combustion process, however, is on a much lower level. Next to the integral length scale, the initial flame kernel size also appears to be of significance. Flame kernel eccentricity and the TKE production term are at a slightly lower level, whereas the flame quenching distance seems to be negligible for this engine or operating point. The latter can be explained with the burn rate and in particular the burn-off phase in the mean cycle. Both are significantly advanced in comparison to the Miller engine, displayed in Figure 5 for this specific engine operating point.
The sensitivity analysis shows the dependence of cyclic combustion variations on the underlying combustion process. It is evident that the individual steps and their variations in the cause-and-effect chain can have different effects on CCV.
Model calibration
In the next step of the model development, the physical limits of the five causes are initially fixed for a given reference point. This reference point is defined for the Miller engine, which acts as the design engine (see Table 3 ). From the literature, 7,28,33 a dimension for the level of fluctuations of the five implemented physical causes is extracted and imposed on each cause. Table 4 shows these fixed values. As the mean value of the PDF m physical cause is set to unity for each cause, these Figure 4 . Sensitivity analysis of the five implemented physical causes of the new cyclic combustion variations model (see Table 3 physical limits have to be seen as in relation to m. For this reference point, the cyclic combustion variations from the simulation match the CCV from measurements. With these fixed physical limits, the CCV model is already able to describe the cyclic combustion variations qualitatively. This means the model reacts physically, for example, by retarding the ignition timing. Quantitatively, however, the CCV model does not reach the exact values of COV IMEP of the measurement results. Therefore, for the four engine parameters in Table 3 , the model is calibrated in terms of parameterization, in order to assess directly the physical limits. In terms of other engine parameters, such as valve timing, the new CCV should react precisely due to the underlying physical turbulence, ignition and combustion models. Valve timing determines the residual gas rate, among other values, thus directly influencing the calculation of the laminar flame speed, evaluated in the combustion model. Summing up, this calibration procedure accounts for the influencing factors of CCV.
For the parameterization, a large number of measurements were available regarding four engine parameters of the Miller engine, as presented in Table 5 . This table indicates the minimum and maximum values and the increment of each parameter. Each engine parameter was varied individually and the COV IMEP from the measurement compared to the COV IMEP from the simulation. Mathematical terms were then determined for the five physical causes as follows. The influencing factor term of the flame kernel size is determined by comparing the measured COV of the ignition delay COV MFB0%ÀMFB5% to the value from the simulation. The same procedure is carried out for the flame kernel eccentricity regarding the burn duration COV MFB5%ÀMFB90% and for the flame-wall quenching distance concerning the burnout phase COV MFB75%ÀMFB90% . The TKE production term and integral length scale are parameterized directly by comparing COV IMEP from the measurement to the simulation. Table 6 shows the resulting matrix.
The output of the influencing factor terms still determines the physical limits, however, with the dependence of the specific engine operation point in mind. Thus, this matrix is integrated in the evaluation of the PDF and its standard deviation within the stochastic model.
For the established new CCV model, the working principle of operation is illustrated in Figure 6 , again applied to the flame kernel size. In this example, the flame kernel size in the mean cycle is 1 mm, and the physical limit is determined to be 0.3 mm. In the first five cycles, the CCV model is not active, thus the mean cycle is utilized. Starting from cycle number 6, the new CCV model is active, as can be detected by the fluctuation of the flame kernel size from one engine cycle to another.
Model validation
In order to verify the functionality of the newly designed CCV model, it will be compared to measurement data and a CCV model which is considered the state of the art and has been available in the GT-Power simulation software since V7.5. 38 The new CCV model proposed here is only calibrated once, as described in the subsection above. In contrast, according to the available parameters and suggestion made in the GTPower manual, the GT-Power CCV model is calibrated once for each engine in order to agree with the CCV from the experiments as well as possible for the entire particular engine map. For a good visualization, Figure 7 illustrates 20 consecutive cycles from measurement as well as from the new CCV model of the conventional engine, respectively. The operating point was 3000 r/min, 0.25 3 WOT, MFB50% at 8°CA and with a stoichiometric air-fuel ratio. Table 7 shows the parameter variations for both investigated engines. Other engine parameters that are fixed for each variation are also presented. The emphasis was on analyzing the physical causes, taking into account the influences of the thermodynamic state, fluid dynamics and charge dilution.
In Figure 8 (a), validation results are shown for the MFB50% variation of the Miller engine. Deviations of MFB50% between measurement and the CCV models are due to the predictive combustion calculation discrepancy in the mean cycle. Both CCV models match the increasing COV IMEP with retarded MFB50% from the measurement well, with the stateof-the-art model deviating slightly at an early center of combustion and the new CCV model deviating at a late center of combustion. Nevertheless, both models agree well with experimental data and can be expected to describe cyclic variability from this thermodynamical influence.
For the speed 1 variation of the same engine in Figure 8(b) , the new CCV model is again able to describe the cyclic combustion variations from the measurement very well. However, the state-of-the-art model underestimates COV IMEP at a low engine speed. As outlined in section ''Physical background of CCV,'' the engine speed has a significant influence on the global and local flow fields. It is obvious that for this engine speed variation, it is not sufficient to only impose fluctuations on laminar burn parameters as implemented in GT-Power for simulating CCV. However, in this speed range, COV IMEP is not always met quantitatively. In contrast, the CCV model from GT-Power is not able to describe the measurement either qualitatively or quantitatively. At high engine speeds, especially, the COV IMEP is overestimated. Again, it is clear from this engine speed variation that the resulting influence of different turbulence fluctuations needs to be covered. Figure 9 (b) shows the residual gas variation of the conventional engine. The rising COV IMEP as the residual gas rate increases in the measurement data is well predicted by the new CCV model. In contrast, the state-of-the-art model can follow the measurement qualitatively but not quantitatively and underestimates the cyclic combustion variations. This indicates that improving the calibration factors of the GT-Power model in order to also predict cyclic variability quantitatively will worsen the description of CCV from the speed 2 variation. Regarding the residual gas variation, it has to be noted that cyclic combustion variations can indeed have a direct impact on the residual gas fraction. This, in turn, can affect the combustion, here especially the ignition and the burning velocity, of the following cycle. For the considered cases, an analysis showed that the COV of the residual gas fraction is smaller than 0.6%. Therefore, the effect of the residual gas fraction on CCV is considered to be of only minor importance here.
The investigation of the speed 2 and residual gas variation, in particular, illustrates the proof of concept of the newly designed CCV model. In the following, this will be considered by means of the operating point 1500 r/min and 0.25 3 WOT, which is found in both variations and marked with circles in Figure 9 . The exhaust and intake valve timings, intake valve lift and throttle angle are different in either variation, as illustrated in Table 8 .
The turbulence intensity level is expected to be higher in the speed 2 variation due to a later intake valve closure. 39 A measurement data evaluation of this operating point for both variations indicates that the speed 2 operating point has an residual gas rate of 29.8%, whereas the residual gas operating point is 26.5%. Since COV IMEP are on the same level in both variations, it can be assumed that an increasing cyclic variability from a higher residual gas rate is compensated by the higher turbulence intensity level. This phenomenon can be reproduced very well by the introduced CCV model, as shown in Figure 9 . 
Conclusion
Reducing cyclic combustion variations of SI engines is known to potentially increase efficiency. Since new combustion processes are evaluated predictively with simulation tools, the underlying models have to very accurately describe the physical background of engine combustion. These models can ensure the high validity of simulation results. So far, the simulation of cyclic combustion variations has been limited to CCV models which did not include all the significant physical causes and influencing factors. In addition, these models were solely based on empirical combustion models.
Therefore, an improved CCV model is proposed in this study. The new CCV model is based on an advanced combustion model, required to integrate the physical causes. Furthermore, this CCV model integrates the stochastics of global and local fluid mechanics as the major causes of cyclic variability as well as combustion parameters, extracted from an extensive literature research. The model also includes several important influencing factors for an enhanced quantitative description of CCV. The advantages and innovations of the new CCV model approach are itemized in the following:
The simulation basis includes highly sophisticated turbulence, ignition and combustion models. The stochastic model is coupled with the above models, thus for the first time enabling a physical description of CCV, not only one gained by empirical tuning. The new model integrates the most significant physical causes of cyclic combustion variations and more influencing factors than in previous approaches. The CCV model approach is applied and investigated with different combustion/engine concepts.
After the model is developed, it is thoroughly validated by means of two SI engines with different underlying combustion processes. It is shown that the new model predicts cyclic combustion variations well in comparison to measurement data. This CCV model can be used for virtual engine calibration and enables cyclic variability to be included as an additional engine design criterion. Using this model in engine process calculations, especially in areas with severe limitations on engine smoothness, leads to more reliable results and makes quasi-dimensional simulation even more attractive in addition to fully resolved 3D CFD simulations and engine test bench operation. 
